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Nanoparticles have recently attracted extensive attention in view of their great potential in biomedicine and bioanalytical ap-
plications. Single particle detection via light scattering offers a simple and efficient approach for the size, size distribution, and 
concentration analysis of nanoparticles. In particular, intrinsic heterogeneity or rare events masked by ensemble averaging can 
be revealed. However, the sixth power dependence of Rayleigh scattering on particle size makes it very challenging to detect 
individual nanoparticles of small sizes. This article is intended to provide an overview of recent progress in the development of 
techniques based on light scattering for the detection of single nanoparticles. 




1  Introduction 
Synthetic nanoparticles with sizes ranging from a few na-
nometers to several hundreds of nanometers have attracted 
enormous attention in biomedical, chemical, and bioanalyt-
ical applications due to their unique optical and chemical 
properties [1−5]. Besides, there are many naturally occur-
ring biological nanoparticles, such as bacteria, viruses, cel-
lular organelles, and molecular assemblies. As heterogenei-
ty is a prominent feature associated with nanoparticles, the 
development of advanced techniques enabling the detection 
of single nanoparticles is of great importance to the field of 
nano-biotechnology and bioscience study [6]. Dynamic 
light scattering (DLS), size exclusion chromatography 
(SEC), electrophoresis, analytical ultracentrifugation (AUC), 
and field flow fractionation (FFF) are well-established bulk 
measurement techniques commonly used for the analysis of 
nanoscale particles [7−10]. Among them, DLS is the most 
user-friendly and has become the preferred technique for 
routine size measurement of nanoparticles in solution. 
However, as an ensemble-averaged photon correlation ap-
proach, DLS is not only limited to monodisperse samples 
and the scatter-free environment but also very sensitive to 
the presence of large particles [11, 12]. Electron microscopy, 
such as transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM), is the central technique 
for size and morphology characterization of nanoparticles. 
Particle size distribution can be generated by examining 
several hundreds of individual nanoparticles from TEM or 
SEM micrographs. However, the instrument is expensive 
and the sample needs to be fixed and stained with contrast 
agents. The number of particles sampled is lower than that 
of many other size analysis techniques and the sampling 
may not be representative. Moreover, nanoparticles are an-
alyzed in dehydrated form under high vacuum which is far 
from their native states. Therefore, it is necessary to develop 
simple and economical methods for the size and size distri-
bution analysis for all kinds of nanoparticles. 
Besides size and size distribution analysis, accurate con-
centration measurement of nanoparticles is also vital to par-
ticle synthesis, surface functionalization, and assay devel-
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opment. The concentration of nanoparticles can be calcu-
lated by equation 
mn
V ρ
= , where n is the amount of nano-
particles per milliliter, m is the mass concentration of nano-
particles (g/mL), V is the average particle volume, and ρ is 
the density of nanoparticles (e.g. 1.05 g/cm3 for polystyrene 
nanoparticles and 19.3 g/cm3 for gold nanoparticles). For 
nanoparticles of regular shapes, average particle volume V 
can be calculated via size and morphology measurement by 
TEM or SEM. The mass concentration of nanoparticles can 
be determined by atomic spectroscopy upon nanoparticle 
decomposition or by gravimetric analysis. However, atomic 
spectroscopic method like ICP-MS is usually limited to the 
analysis of metal-containing nanoparticles whereas the 
gravimetric method requires the sample quantity to be large 
enough to ensure accurate weight measurement. In the cases 
of hybrid nanoparticles or particles of irregular shape, devi-
ation from the real situation is inevitable due to the inaccu-
racy in particle density or particle volume estimation. 
Therefore, there is a great need to develop simple and effi-
cient methods for the accurate concentration quantification 
applicable for all sorts of nanoparticles. 
Coulter counter is the earliest approach developed for the 
rapid sensing of micron-sized particles in suspension [13]. It 
measures the change in the resistance across the membrane 
when particles pass through the pore one by one. The pre-
sent lower particle size limit for the commercial Coulter 
counter (MultisizerTM 4 COULTER COUNTER, Beckman 
Coulter, Fullerton, CA, USA) is about 400 nm in diameter. 
Recent advancement in nanopore fabrication, especially 
when coupled with microfluidics, has remarkably expanded 
the application of resistive pulse technique into nanoparticle 
detection and counting [14−16]. Individual polystyrene par-
ticles of 51 nm and bacteriophage T7 have been analyzed 
with a simply fabricated microfluidic design achieving an 
analysis rate up to 500,000 particles/s [17]. Yet, aperture 
plugging is a headache problem with nanopore-based parti-
cle counters.    
Among existing techniques for nanoparticle characteriza-
tion, optical methods are especially attractive due to their 
noninvasive nature and real-time monitoring capability [18, 
19]. Although the investigation of individual nanoparticles 
based on very weak light absorption or scattering is more 
challenging compared with the well-established sin-
gle-molecule fluorescence detection techniques [20, 21], it 
holds more general applications as most nanoparticles are 
nonfluorescent. Taking advantage of the large absorption 
cross section of metal nanoparticles near their surface plas-
mon resonance (SPR) wavelength, optical extinction spec-
troscopy permits optical detection and direct measurement 
of the absolute absorption extinction cross section of a sin-
gle metal nanoparticle [22, 23]. Through the absolute value 
of the cross section, it is also possible to accurately deter-
mine the size of gold and silver nanoparticles, with diame-
ters down to 5 nm and 20 nm, respectively [22, 23]. The 
photothermal method is an advanced absorption method that 
uses photo-induced refractive index change around an ab-
sorbing particle for sensitivity improvement [24]. Photo-
thermal interference contrast [25] and photothermal hetero-
dyne imaging (PHI) [26−29] have been developed, and with 
PHI single gold nanoparticles as small as 1.4 nm in diame-
ter can be detected and characterized. However, absorp-
tion-based methods entail sophisticated optical design and 
electronic apparatus and are mainly limited to the detection 
of metal (gold or silver) nanoparticles.  
This review focuses on the recent development of single 
nanoparticle detection techniques via light scattering. The 
principles and characteristics of optical particle counter 
(OPC), confocal correlation spectroscopy (CCS), nanoparti-
cle tracking analysis (NTA), and high sensitivity flow cy-
tometer (HSFCM) are discussed. Although microfluidic 
devices have been developed for counting and sizing of 
particles or cells using laser light scattering, particle size has 
mainly been limited to submicron or micron size range 
[30−32], and thus will not be covered here.  
2  General theoretical and technical considera-
tions for single nanoparticle detection 
Light scattering provides the simplest way for particle de-
tection. Particle number can be determined simply by 
counting the pulses or bursts of scattered light reaching the 
detector as the particles pass through the light beam one by 
one. The intensity of scattered light is related to the size of 
the particle and this relationship can be used for particle size 
measurement. When the particle is much smaller than the 
wavelength of the incident light, elastic scattering of light 
(Rayleigh scattering) occurs. The amount of Rayleigh scat-
tering is a function of the wavelength of the incident light, 
the incident state of polarization, the scattering angle, the 
index of refraction of the particle, the index of refraction of 
the surrounding medium, the particle size, and the particle 
shape and orientation. For spherical nanoparticles, the cross 
section of scatter can be simplified as [33]:  
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where d is the particle diameter, λ is the wavelength of the 
incident light, nmed is the refractive index of the medium, 
and m is the ratio of refractive indices of the particle (nparticle) 
and the medium (nmed). The refractive index of a particle at 
a given wavelength is a complex number, nrel and nim are the 
real and imaginary refractive indices in vacuum and 
1i = − . As depicted in eq. (1), the cross section of scat-
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tered light is in the sixth order of particle diameter and var-
ies inversely with the fourth power of the wavelength. 
Meanwhile, the refraction index of the particle also plays an 
important role. Figure 1 shows the graphs of our calculated 
absolute light scattering cross section values versus wave-
length for small nanoparticles (d = 20 nm) of different 
compositions. The refractive index of particle nparticle at a 
given wavelength was calculated using the refractive indi-
ces nrel and nim obtained from Weaver and Frederikse [34]. 
The calculations were done with water as medium (nmed = 
1.33) and it is assumed that nmed is constant in a wavelength 
from 300 to 800 nm.  
As we can see from Figure 1, the absolute scattering 
cross section σscatt differs significantly in magnitude for dif-
ferent compositions. The scattering coefficient for small 
particles decreases continuously with increasing λ for some 
compositions (silicon dioxide, aluminum) whereas for oth-
ers, such as silver and gold, the σscatt spectrum shows an 
intense resonance scattering band. The resonance scattering 
bands center on 535 nm and 380 nm for gold nanoparticles 
and silver nanoparticles, respectively. For a gold nanoparti-
cle of 20 nm diameter, the scattering cross section of 6.81 
nm2 (6.81 × 10−14 cm2) at its resonance band equals a molar 
extinction coefficient ε of 1.79 × 107 M−1cm−1 [33], which is 
equivalent to about 194 fluorescein molecules (ε = 92300 
M−1cm−1). It is interesting to note that the scattering cross 
section of silver nanoparticles is about 10-fold higher than 
that of gold nanoparticles, which makes it a very sensitive 
label for imaging and characterization of single receptor 
molecules on single living cells [35].  
For nanoparticles within the Rayleigh limit, the intensity 
of the scattered optical signal is in the sixth power of the 
particle size. A 64-fold reduction in the scattered light is 
expected if the particle size is reduced by half. Therefore, a 
small decrease in particle diameter dramatically reduces the 
scattered signal, which makes it very challenging to detect 
single nanoparticles of small size on top of background  
 
 
Figure 1  Graphs of absolute light-scattering cross section vs. wavelength 
for small particles (Rayleigh limit) of different compositions. (a) Silicon 
dioxide; (b) aluminum; (c) gold; (d) silver. The graphs were calculated 
with eqs. (1) and (2) for particles in water (nmed = 1.33).  
noise. When the particle size becomes larger than around 
10% of the wavelength of the incident radiation, the Ray-
leigh scattering model breaks down and Mie's scattering 
model comes into play. The intensity of Mie scattered radi-
ation is given by the summation of an infinite series of 
terms rather than by a simple mathematical expression. 
Nevertheless, Mie scattering is roughly independent of 
wavelength, and the greater the particle size, the more the 
light is scattered. As the samples to be analyzed could have 
a broad particle size distribution, in practice, a series of cal-
ibration particles of known size are used to generate the 
calibration curve between the instrument response and the 
particle size rather than using the theoretical response 
curves.  
For particles contained in a cuvette or a fluidic system, 
the background signal normally arises from the scattering of 
medium molecules and scattered light from glass/air and 
glass/solvent interfaces. Therefore, to effectively reduce 
background noise, it is highly recommended to probe a 
small volume and keep this region far from the index gra-
dients of interfaces. Meanwhile, due to the proportional 
response of scattering to the intensity of incident light, nor-
mally an intense light source needs to be used to enhance 
the scattering signal from single nanoparticles. The em-
ployment of laser as the light source also provides a good 
control of the beam shape and beam quality which is im-
portant in defining the probe volume. On the other hand, to 
ensure accurate nanoparticle counting and sizing, it is nec-
essary to guarantee that only one particle is within the de-
tection volume at a time.  
3  The techniques based on light scattering for 
single nanoparticle detection 
3.1  Optical particle counters (OPCs) 
OPCs detect single particles via light scattering measure-
ment and have been mainly developed for aerosol particle 
measurement [36, 37]. The first OPC was built by Gucker et 
al. in 1947 [38]. OPCs can monitor air, high pressure gases, 
liquids and vacuum environments with particle diameter 
normally ranging from 200 nm to several microns [39]. A 
simplified diagram of a standard OPC is shown in Figure 
2(a). The sample is drawn (normally by a pump) to flow 
through a chamber from the inlet to the drain. A high power 
laser source is employed to illuminate the particles as it 
passes through the detection region one by one. Light scat-
tering is observed perpendicular to the incident bean and to 
the flow of the sample. The individual pulses generated are 
counted and classified according to pulse height to provide 
density and size distribution of the particles. Detection scat-
tered light at 90° has the advantage of reduced background 
scatter from stray light and better sizing sensitivity than 
forward scatter. Much of the OPC's sophisticated optical 
design resides in defining the sample volume through ap- 
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Figure 2  Schematic diagrams of a standard OPC (a) and the intra-cavity 
OPC (b). 
propriate beam shaping and in collecting as much of the 
scattered light as is practical.  
To measure particles below 100 nm, the intra-cavity 
technique needs to be implemented to significantly increase 
the illuminating light intensity. Using an intra-cavity ar-
rangement (Figure 2(b)), the particles can be subjected to 
radiation >100 times more intense than that possibly using a 
standard arrangement of the same power. Employing solid 
state intra-cavity system and optimal design of scattering 
optics, an ultra high sensitive aerosol spectrometer (UHSAS, 
Droplet Measurement Technologies, Inc., Boulder, CO, 
USA), one of the cutting edge OPCs, permits the detection 
of particles down to 55 nm in diameter (with an intra-cavity 
power of ~ 1 kW) [40]. 
In liquid volumetric OPCs, the sample flow is con-
strained to lie within the sample volume by either forcing 
the liquid through a precision capillary or by forming a jet 
of fluid through a hydrodynamically focused assembly with 
a sample nozzle and a sheath nozzle. In either case, the 
width of the focused laser beam needs to be greater than the 
width of the sample flow to ensure that every particle will 
pass near the center of the Gaussian illumination beam. 
Well characterized polystyrene latex spheres are commonly 
used to calibrate OPCs for accurate particle size measure-
ment. OPC is currently a mature technology widely used to 
determine air and liquid quality. Aerosol particle counters 
have been used extensively in atmospheric aerosol research, 
air pollution studies, and indoor air quality monitoring. Liq-
uid particle counters are used to determine the quality of the 
liquid passing through them. The size and number of parti-
cles can determine if the liquid is clean enough to be used 
for the designed application, such as drinking water, clean-
ing solutions, or injectable drugs.  
As a variant of optical particle counter, flow cytometry 
(FCM) is a well-established technology widely used for the 
analysis of individual biological cells or cell-sized particles 
in a rapid, quantitative, and multiparameter manner [41]. 
FCM employs a sheath flow cuvette to produce picoliter 
detection volume resulting in low background signal. Be-
sides forward and side scattering detection, FCM is also 
supplied with multiple (four at least) fluorescence channels 
to facilitate evaluation of biochemical attributes (nucleic 
acid content, enzymatic activity, or antigenic determinants) 
of biological nanoparticles via fluorescent labeling. How-
ever, one limitation of conventional flow cytometry is the 
inability to accurately measure small particles less than 200 
nm. In a recent report, a Japanese group applied a commer-
cially available FCM to evaluate the size and size distribu-
tion of nanoparticles, and 133 nm organosilica particles can 
be resolved from the background signal [42]. This article 
probably represents the best resolution of conventional flow 
cytometry for nanoparticle size differentiation.   
3.2  Confocal correlation spectroscopy  
Photon correlation spectroscopy (PCS) or dynamic light 
scattering (DLS) employs a photon detector and correlator 
to obtain the intensity correlation function of scattered 
light fluctuations for measurements of particle sizes, dif-
fusion coefficients, viscosities, molecular weights of pol-
ymers in basic and applied studies [43]. With the ad-
vancement of microscopic PCS (MPCS), cellular dynamic 
information from single living cells can be accessed owing 
to the reduced probe volume [44−50]. Recently, with the 
incorporation of confocal microscopy, confocal correlation 
spectroscopy (CCS) of light scattering at single particle 
level has been developed for real-time sizing of nanoparti-
cles [51, 52]. Figure 3 shows the optical schematic dia-
grams of CCS. A finely collimated 488 nm laser beam is 
directed into a high numerical aperture objective. Scatter-
ing bursts are collected with an objective, pass through a 
dichroic mirror and are imaged onto a pinhole placed at 
the image plane before being focused onto the avalanche 
photodiode (APD). The signals obtained are recorded by a 
real time digital collector. In confocal setup, the laser 
beam is typically focused to a spot of 0.5 µm size defining 
a probe volume of <1 fL. Due to this small detection vol-
ume, CCS presents impressive signal-to-noise (S/N) ratios 
for single particle scattering detection. Photon bursts, which 
corresponded to particles passing through the laser probe 
volume, are autocorrelated to produce a decay curve that is 
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where N is the average number of particles in the probe 
volume, Dτ  is the average time that the particles take to 
transverse the probe volume, K is the shape factor or the 
ratio of height (z0) to width (w0) of the probe volume, and D 
is the diffusion coefficient for nanoparticles. The dimen-
sions of the probe volume (w0, 230 nm; z0, 1 µm) are deter-
mined by calibration with particles of three known sizes 
(diameters of 110, 180, and 300 nm). The measured diffu-
sion time Dτ  is used to calculate the diffusion coefficient 






= ), where Bk  is the Boltzmann con-
stant, T is temperature, and η is viscosity of the surrounding  
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Figure 3  Schematic diagram of confocal correlation spectroscopy (CCS). 
An enlarged view showing particles passing in and out of the probe volume 
based on their Brownian motion. 
medium. With light scattering detection, CCS was able to 
size single nonfluorescent latex beads and gold nanoparti-
cles down to 110 and 40 nm in diameter, respectively [51]. 
Using CCS and laser light scattering, the evolution of 
macroporous methylsilsesquioxane (MSQ) film has been 
studied by in situ monitoring of MSQ “nanoparticles” 
growth [53].  
3.3  Nanoparticle tracking analysis  
Besides the probe volume reduction approach described 
above, direct imaging is another feasible measure to facili-
tate single nanoparticle detection. By using an array detec-
tor to replace the single detector, each element of the array 
detector images a distinct section of the observation volume. 
Therefore, a large sample volume can be imaged and each 
detector element is only associated with a fraction of the 
background scatter. Nanoparticle tracking analysis (NTA) is 
a laser light scattering microscopy that allows nanoparticles 
in suspension to be individually and simultaneously detect-
ed and analyzed in real time [54–57]. A schematic diagram 
of NTA is illustrated in Figure 4(a) [56]. A finely focused 
635 nm laser beam passes through a prism-edged optical 
flat, the refractive index of which is such that the beam re-
fracts at the interface between the flat and a liquid layer 
placed above it. Due to the refraction, the beam compresses 
to a low profile, an intense illumination region in which 
nanoparticles present in the liquid film can be easily visual-
ized via a long-working distance, ×20 magnification micro-
scope objective. A CCD camera, operating at 30 frames per 
second, is used to capture a video with a field of view ap-
proximately 100 μm × 80 μm (Figure 4(a)). Particles in the 
detection volume are seen moving rapidly under Brownian 
motion. The NTA software simultaneously identifies and 
tracks the centre of each particle on a frame-by-frame basis 
throughout the length of the video (typically 900 frames or 
30 seconds). The average distance each particle moves in 
the image is automatically calculated. From this value, the 
particle diffusion coefficient (D) can be obtained. With the  
 
Figure 4  (a) Schematic of an NTA apparatus; (b) three-dimensional plot 
of particle size vs. relative scattering intensity of each particle. The vertical 
axis is in particle concentration [56].          
sample temperature (T) and solvent viscosity (η) known, the 
particle hydrodynamic radius (R) can be calculated via the 
Stokes-Einstein equation [55, 58]. 
Compared with CCS which measures particle diffusion 
coefficient based on autocorrelation, NTA allows nanopar-
ticles to be detected, sized, and counted through vid-
eo-based tracking of their Brownian motion. Therefore, a 
thorough size distribution can be obtained by NTA for both 
monodisperse and polydisperse samples, and particle con-
centration can be estimated directly. Figure 4(b) gives an 
example of NTA measurement for a mixture of 200 nm and 
73 nm certified polystyrene beads [56]. The lower size limit 
of NTA depends on the particle size and particle refractive 
index. For colloidal gold, accurate size measurement can be 
achieved down to 10 nm in diameter. To enable a sufficient 
number of particles to be analyzed within an acceptable 
time period, sample concentration should fall in the range of 
107 to 109 particles/mL [55, 56]. NTA has been applied in 
many areas including nanoparticle synthesis and assembly, 
nanoparticle toxicology studies, protein aggregation, and 
virus counting [59–63]. 
3.4  High sensitivity flow cytometry (HSFCM) 
3.4.1  Instrumentation of HSFCM 
The research and development to improve the detection 
sensitivity of flow cytometry has been pioneered by scien-
tists in Los Alamos National Laboratory [64−66]. By re-
ducing the probe volume to subpicoliter, extending the 
transit time of each molecule/particle passing through the 
focused laser beam from microseconds to milliseconds, and 
employing an efficiently designed high numerical-aperture 
(NA) optical system along with an avalanche photodiode 
detector (APD), a high sensitivity flow cytometer (HSFCM) 
was able to detect single phycoerythrin molecule and size 
individual DNA fragments via fluorescence detection [67, 
68]. The detection of spherical polystyrene particles as 
small as 176 nm was first reported by Dovichi et al. using 
side scattering detection within the sheath flow cuvette [69]. 
In 2008, we developed a single molecule flow analyzer 
achieving comparable performance with the setup of Los 
Alamos National Laboratory [70]. In 2009, we exploited the 
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application of HSFCM in nanoparticle detection by imple-
menting a side scattering channel [71]. The configuration of 
HSFCM had been tailored to meet specific application re-
quirements [72, 73].  
Figure 5 shows the schematic diagrams of the optical 
configuration (a) and sheath flow cuvette with an enlarged 
view of the laser beam-sample stream intersection region  
(b) of our laboratory-built HSFCM. It employs hydrody-
namic focusing of the sample in a sheath flow cuvette and 
then intersects the sample stream with a focused excitation 
laser beam. Typically, subpicoliter probe volume is used for 
background reduction. In its current status, the calculated 
probe volume is ~ 0.15 pL as defined by the overlap of the 
sample stream (~ 5.0 μm in diameter) and the laser beam (~ 
7.5 μm in diameter). The emitted light from single nanopar-
ticles as they pass through a tightly focused laser beam in-
dividually was collected and then split into two distinct light 
paths for fluorescence (FL) and side scattering (SS) detec-
tion, respectively. The employment of photomultiplier tubes 
for both the light scattering and fluorescence detection 
makes the instrument more economical and compact. Com-
pared with APD, PMT offers wider dynamic range and the 
operation voltage can be adjusted to meet different sensitiv-
ity requirement. Sample fluid was delivered pneumatically 
via a precise pressure regulator o a fused-silica capillary (40 
μm i.d., 240 μm o.d.) inserted into the 250-μm square bore 
flow channel of the flow cuvette. Ultrapure water served as 
a sheath fluid via gravity feeding, and the flow rate was 
regulated by adjusting the relative height between the sheath 
supply bottle and the waste container. If performed properly, 
the entire flow stream can be made to pass through the cen-
tral region of the focused laser beam where irradiation is 
most uniform. Therefore, each nanoparticle flows through 
the apparatus at the same rate and experiences the same 
radiation as its traverse through the full width of the inter-
rogation volume [73, 74]. We have demonstrated that 
though the subpicoliter detection volume of HSFCM is in-
ferior to confocal geometry for background reduction, the 
advantages inherent with hydrodynamic focusing make it 
feasible to detect single nanoparticles quantitatively based  
 
 
Figure 5  (a) Schematic diagram of the laboratory-built high-sensitivity 
flow cytometer (HSFCM). P, half-wave plate; S, polarizing beam splitter; 
M, mirror; L, achromatic doublet lens; C, flow cell; A, aspheric lenses; 
Dic-F, dichroic filter; EF, edge filter; BPF, bandpass filter; PMT, photo-
multiplier tube; (b) an enlarged view of the sheath flow cuvette and the 
laser beam-sample stream intersection region. Reprinted with permission 
from ref. [73], copyright 2010. The American Chemical Society. 
on the amplitude of photon bursting. The analysis rate can 
go up to 100–200 nanoparticles per second, several thou-
sands of nanoparticles can be interrogated within 1−2 min 
to ensure an acceptable level of statistical confidence.  
3.4.2  Scattering detection of single polystyrene nanoparticles 
The current performance of HSFCM for light scattering 
detection of nanoparticles is demonstrated in Figures 6 and 
7. Figure 6 displays the representative traces of side scatter 
bursts measured with a mixture of polystyrene nanospheres 
of four different sizes: 100, 210, 350, and 530 nm. Strong 
signals were obtained for particles of 210, 350, and 530 nm, 
and the burst generated by each individual nanoparticle as 
small as 100-nm can be satisfactorily distinguished from the 
background. Four distinct peaks with good resolution can be 
observed in the side scatter burst area distribution histogram. 
As the measured signal depends exponentially on the parti-
cle size, the PMT voltage needs to be tuned to provide good 
sensitivity for small particles while avoiding saturation of 
large particles.  
Figure 7 depicts the side scatter burst trace as single pol-
ystyrene nanospheres of 100 nm diameter traverse the fo-
cused laser beam individually. The PMT voltage was in-
creased and higher detection sensitivity was achieved than 
that of Figure 6. The signal to noise ratio (S/N) was calcu- 
lated to be 104, showing excellent sensitivity of HSFCM for 
 
 
Figure 6  (a) Trace of side scatter signal from a nanoparticle mixture of 
four sizes of polystyrene nanospheres (100, 210, 350, and 530 nm); (b) side 
scatter burst area distribution histogram derived from the data set collected 
in a 60 s interval.  
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Figure 7  Trace of the side scatter signal (a) and side scatter burst area 
distribution histogram (b) for 100-nm polystyrene nanospheres.  
nanoparticle detection.   
3.4.3  Scattering detection of single gold nanoparticles 
For nanoparticles comprising noble metals such as silver 
and gold, the σscatt spectrum shows an intense resonance 
scattering band (see Figure 1(b)). Because of surface plas-
mon enhancement, optical cross sections of metal nanopar-
ticles (10−100 nm) can be several orders of magnitude larg-
er than those of dye molecules [33, 75]. Figures 8(a) and 8(b) 
are representative traces of side scatter (SS) bursts of 24-nm 
and 48-nm gold nanoparticles (GNPs), respectively. Due to 
the SPR effect, the intensity of Rayleigh scattering of each  
individual GNP can be satisfactorily discriminated from the 
background noise even for GNPs as small as 24 nm (S/N = 
22). Nice SS burst area distribution histograms were ob-
tained for the mixture of 24-nm and 48-nm GNPs with 
near-baseline separation (Figure 8(c)). TEM analysis (Fig-
ure 8(d)) indicates that the broad distribution in SS burst 
area obtained on the HSFCM for all five GNP samples 
(Figure 8(e)) was mainly due to the size heterogeneity of the 
GNPs. According to the Mie theory, the intensity of light 
scattered by spheres that are much smaller than the wave-
length of light is proportional to the sixth power of particle 
size. A plot of measured SS burst area versus particle size 
discloses a 7.4-order dependence (Figure 8(f)), which is in 
relatively good agreement with the theory. The high corre-
lation between scatter intensity and particle size indicates 
that accurate size determination can be achieved by meas-
uring the scattering intensity of single GNPs. 
3.4.4  Counting and concentration measurement of nano-
particles 
In our HSFCM setup, the sample stream can be made to be 
completely illuminated within the central region of the fo-
cused laser beam and the sample volumetric flow rate can 
be accurately measured. Therefore, as long as the scattered 
light from each individual nanoparticle can be unambigu-
ously resolved from the background, it is feasible to enu-
merate nanoparticles and provide absolute concentration 
quantification. Using 210-nm polystyrene beads, the con-
centrations measured by HSFCM counting correlated very 
well with the manufacturer’s reported concentrations, and 
nearly 100% detection efficiency was achieved when the 
particle concentration was above 1 × 107/mL [71]. For GNPs, 
absolute quantification and relative quantification of GNPs 
using a fluorescent internal standard have been demon-  
strated with nanoparticle enumeration approach. Figure 9(b)  
 
 
Figure 8  Flow cytometric analysis of single GNPs. (a) and (b) Typical side scatter (SS) burst traces (background corrected) of GNPs 24-nm and 48-nm in 
size, respectively; (c) SS burst area distribution histogram derived from a data set collected in 60 s intervals for a mixture of 24-nm and 48-nm GNPs; (d) 
particle size distribution for samples of 24-nm and 48-nm GNPs as determined by TEM measurement; (e) SS burst area distribution histograms for five 
GNPs samples of different sizes; (f) plot of measured SS burst area as a function of particle size. Reprinted with permission from ref. [73], copyright 2010. 
The American Chemical Society. 
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Figure 9  Absolute quantification of gold nanoparticles (GNPs). (a) Side scatter burst trace of 43-nm GNPs; (b) linear relationship between GNP concen-
trations measured by HSFCM enumeration and by the TEM and ICP-MS approach. The error bars represent the standard deviation of three measurements;  
(c) TEM image of 43-nm GNPs. Reprinted with permission from ref. [73], copyright 2010. The American Chemical Society. 
displays an excellent linear relationship between the GNP 
concentrations determined by HSFCM and those calculated 
by the common TEM and ICP-MS approach. The correla-
tion coefficient is 0.9998, and the linear range covers two 
orders of magnitude [73]. Based on Poisson statistics, when 
the concentration of GNPs is 1.0 × 109/mL (1.67 pM), the 
probability that two particles will happen to pass through 
the probe volume simultaneously is 0.96%.  
4  Outlook 
Compared with OPC, CCS, and NTA techniques, HSFCM 
employs the simplest instrumentation design and the meas-
urements are fast and rather straightforward. Low-concen- 
tration samples (fM to pM) in small volumes (μL) can be 
measured in minutes with an analysis rate of up to 100−200 
nanoparticles per second. Size, size distribution and con-
centration analysis of all sorts of nanoparticles can be pro-
vided. Among these features, absolute quantification pro-
vides a distinct advantage because it does not require stand-
ard samples. The implementation of hydrodynamic focusing 
brings several significant advantages: (1) Nanoparticle 
flows through the centre of the laser beam at the same rate 
and experiences the same radiation field during its transit 
through the detection volume, so that it is feasible to quan-
tify particle size on the basis of their scattering burst inten-
sity; (2) the sample stream is far from the cell walls mini-
mizing problems associated with scattered light, adsorption 
of analyte to the cell walls, and desorption of impurity mol-
ecules into the probe region; (3) the diameter of sample 
stream can be easily adjusted by tuning the relative volu-
metric flow rate between the sheath and sample flow; (4) 
with the sample delivering tubing of 40 μm in inner diame-
ter, sample clamming can be avoided. The detection scheme 
of HSFCM is well suited for the screening and sorting of 
various nanoscale particles such as viruses and larger pro-
teins. Furthermore, by measuring fluorescence and light 
scattering simultaneously, biochemical properties of single 
nanoparticles can be examined. It is believed that HSFCM 
provides a powerful technique for multiparametric charac-
terization of individual nanoparticles.   
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